† Background and Aims Plant growth responses to the rare earth elements lanthanum (La) and cerium (Ce) have been reported, but little is known about the effects of these two elements on plant mineral nutrition. † Methods Corn (Zea mays 'Hycorn 82') and mungbean (Vigna radiata 'Berken') were grown in continuous flowing nutrient solutions containing 0, 0 . 2, 1 . 0 and 5 . 0 mM La or Ce. At harvest plants were divided into roots and shoots, dried, weighed and analysed for macro-and micronutrients, as well as for La and Ce. † Key Results La and Ce did not increase the growth of corn or mungbean. The dry weight of corn shoots was decreased by 32 % in the presence of 5 . 0 mM Ce; the other La and Ce concentrations had no effect. La and Ce concentrations of 0 . 9 and 5 . 0 mM decreased the shoot dry weight of mungbean by 75 or 95 %, the two elements having closely similar effects. Decreases in the uptake of Ca, Na, Zn and Mn by corn were observed with increases in solution La and Ce. For mungbean, the uptake rates of all measured elements decreased with increases in solution La and Ce. The concentrations of La and Ce in the roots of both species were higher than in the shoots and increased strongly with increasing concentrations of La or Ce in solution. The La and Ce concentrations in mungbean shoots were always higher than in corn shoots. † Conclusions La and Ce did not enhance the growth of corn or mungbean, but decreased the growth, root function and consequently the nutritional status of mungbean at concentrations .0 . 2 mM in solution. It is concluded that if La or Ce have positive effects on corn and mungbean growth, they can only occur at solution concentrations below 0 . 2 mM.
INTRODUCTION
The periodic table currently contains 118 elements (Karol et al., 2003) . Seventeen of these elements have been classified as essential for all higher plants, with other elements such as Na, Ni and Si being beneficial to some plants under certain conditions (Asher, 1991; Epstein and Bloom, 2005) . However, many other elements from the periodic table can also be found in plant tissues. Consequently, some of these elements could potentially in the future be added to the list of elements beneficial to some plants, if experimental evidence can be presented which subsequently is supported and verified (Asher, 1991) . There have been many claims for the beneficial effects of various elements on plants over the years (Asher, 1991) .
The rare earth elements (REEs) are a collection of 16 elements, namely lanthanum (La), cerium (Ce), the remaining 13 lanthanides, together with scandium and yttrium. China contains the largest mineral deposits of REEs in the world (Drew et al., 1990; Yang and Woolley, 2006) . Reports from China on the use of these elements in agriculture have increased the interest of plant biologists and agriculturists in the REEs (Asher et al., 1990; Brown et al., 1990; Asher, 1991; Hu et al., 2004; Tyler, 2004; von Tucher and Schmidhalter, 2005) . Chinese reports suggest increased plant growth, yield and quality of a range of crops, pasture and horticultural species. However, critical evaluation of these claims has been difficult owing to ambiguities and lack of clarity in language translation, and the lack of details relating to experimental design, methodologies or statistical treatment of the data (Asher et al., 1990) . The absence of such essential information precludes the scrutiny required to analyse critically many of the Chinese claims. In addition, to date we have been unable to find scientific papers in peer-reviewed journals in western countries that have shown similar effects of REEs on plants. The effects of foliar application of La and Ce were initially examined (Diatloff et al., 1999) . The recommended rates of a commercially available REE fertilizer obtained from China, which contains a mixture of REE nitrates, were applied to mungbean and corn. No beneficial effects on the growth and yield of mungbean and corn were observed. A series of carefully conducted solution culture experiments were subsequently initiated to examine the effects of La and Ce on the growth and mineral nutrition of corn (Zea mays) and mungbean (Vigna radiata) (Diatloff et al., 1995a, b, c) .
When La and Ce were maintained in a soluble form in nutrient solutions comparable in composition with that of soil solutions, concentrations of La and Ce of 1-16 mM were found to be toxic to the root elongation of corn and For Permissions, please email: journals.permissions@oxfordjournals.org mungbean (Diatloff et al., 1995a) . It was concluded that if La and Ce do have positive effects on plant growth, these effects are likely to be manifested at very low solution La or Ce concentrations, probably below 1 mM. When grown in continuously flowing nutrient solution containing low concentrations of La or Ce, the dry weight of corn roots was significantly increased by increasing the concentrations of La or Ce in the nutrient solutions from about 0 . 007 mM to approx. 0 . 6 mM (Diatloff et al., 1995b, c) . However, effects on the dry weight of shoots and of whole plants were not significant. In the same experiments, the dry weights of mungbean shoots and roots were depressed by La concentrations !0 . 4 mM or Ce concentrations !0 . 2 mM. In both corn and mungbean, shoot tissue phosphorus (P) concentrations were high under the conditions of these experiments (!0 . 7 %), but not necessarily in the toxic range. In addition, in the Ce experiment, increasing Ce concentrations depressed shoot manganese (Mn) concentrations in mungbean to very low levels ( 5 mg kg
21
) and resulted in the development of Mn-deficiency symptoms. Hence it was not possible to separate the direct effects of Ce on mungbean growth from the indirect effects associated with Mn deficiency.
The present paper describes an experiment in which responses of corn and mungbean to La and Ce were studied further in flowing solution culture at a lower P concentration and a higher Mn concentration than had been employed in previous experiments.
MATERIALS AND METHODS

Plant culture
The experiment was conducted in a controlled environment room with a 14-h light period at 600 mmol photons m -2 s 21 , a constant temperature of 25 8C, 70 % relative humidity and 0 . 03 % CO 2 . Plants were grown in continuously flowing solution culture units (FSCUs; Diatloff et al., 1995b, c) , filled with a dilute, low-P nutrient solution containing (mM): N (as nitrate), 1000; Ca, 1000; S, 825; K, 255; Mg, 200; P, 1; Na, 34; Cl, 25; Fe, 9; B, 3; Mn, 0 . 3; Zn, 0 . 05; Cu, 0 . 05; Mo, 0 . 02 and Co 0 . 02 . This basal nutrient solution was similar to that used in Diatloff et al. (1995b, c) , except that the P concentration was reduced from 5 to 1 mM and the Mn concentration was increased from 0 . 1 to 0 . 3 mM. These modifications were designed to reduce the above-adequate concentrations of P in corn and mungbean shoots and to overcome the Mn deficiency symptoms observed in Diatloff et al. (1995b, c) . The macronutrient stock solutions used to prepare the basal nutrient solution were purified with Chelexw 100 resin (Rayment and Andrews, 1972) . The solution P was maintained at 1 + 0 . 2 mM with a slow, continuous injection of concentrated KH 2 PO 4 solution into each FSCU via a peristaltic pump. Solutions were analysed daily for P by the method of Motomizu et al. (1983) and the rate of P addition was adjusted according to plant demand. Solution pH was maintained at 4 . 5 + 0 . 05 with re-distilled 0 . 2 M HNO 3 to prevent the precipitation of added La and Ce with phosphate (Diatloff et al., 1995a) .
Appropriate volumes of 2 mM La or Ce nitrate stock solutions were added to each FSCU to impose treatments of approx. 0 . 2, 1 . 0 or 5 . 0 mM La or Ce. In addition, there was a common control treatment without any added La or Ce, making a total of seven FSCUs. The test solutions were analysed for La or Ce the day before transplanting of seedlings, and subsequently every 2 or 3 d, using inductively coupled plasma mass spectrometery (ICP-MS) with indium (In) as the internal standard. The control treatment contained La and Ce concentrations below the detection limit of 0 . 007 mM. As the La and Ce concentrations in solution remained constant, no additional La or Ce was supplied during the plant growing period. The mean concentrations (+s.e.) measured in the other treatments were 0 . 18 + 0 . 01, 0 . 91 + 0 . 04 and 5 . 09 + 0 . 12 mM La, and 0 . 19 + 0 . 02, 0 . 86 + 0 . 02 and 5 . 02 + 0 . 09 mM Ce.
Seeds of corn (Zea mays 'Hycorn 82') and mungbean (Vigna radiata 'Berken') were surface sterilized for 15 min with 1 % w/v calcium hypochlorite, then thoroughly rinsed with deionized water. Next, they were imbibed for 3 h in a continuously aerated 200 mM CaSO 4 solution, then wrapped in paper towels moistened with a similar solution. When the roots were 30-40 mm long, the seedlings were transplanted into the FSCUs, giving ten single-plant replicates of each species in each unit. Also at transplanting, 20 seedlings of each species were harvested for chemical analysis. These plants were divided into roots and shoots, fresh weights were recorded, and these were then oven dried for 72 h at 80 8C, weighed and stored. All samples were finely ground and thoroughly mixed.
Harvest
Corn plants were grown for 14 d and mungbean for 18 d. At harvest, each plant was divided into roots and shoots. Fresh weights were recorded, and dry weights were measured after oven drying for 72 h at 80 8C. Prior to elemental analysis, shoots from the ten corn plants per treatment were bulked into five samples per treatment to provide sufficient material for analysis, and the corresponding roots were bulked into two samples per treatment. Shoots of mungbean in the control, 0 . 2 and 0 . 9 mM La and Ce treatments were bulked into five samples and the shoots in the 5 mM La and Ce treatments were bulked into two samples. Roots of mungbean were bulked into two samples.
Plant tissue analysis
Subsamples of shoots and roots (500 -1000 mg) were weighed into 50-mL digestion tubes, digested for 3 h in re-distilled HNO 3 and made up to 25 mL using MilliQw water. The samples were then analysed for La, Ce, K, Mg, Ca, Na, B, Fe, Mn, Zn and Cu by ICP-MS using In as the internal standard. Separate sub-samples were analysed also for N and P (Kjeldahl digest: autoanalyser), and S (nitric perchloric digest: turbidimetric analysis) (Johnson et al., 1985) . After these analyses, sufficient plant material remained to allow the measurement of chloride in the corn roots and shoots using an automated colorimetric method based on the thiocyanate-chloride complex after hot water extraction (Johnson et al., 1985) .
Calculation of mean nutrient uptake rates
Approximate mean nutrient uptake (I M ) rates by corn and mungbean were calculated using the formula (Williams, 1948) :
where R 1 and R 2 are the root fresh weights, and M 1 and M 2 are the nutrient amounts in the total plant at harvests taken at times t 1 (transplanting) and t 2 (final harvest).
Statistical analyses
Analyses of variance were performed using Genstat 4 . 0.
RESULTS
Plant growth
The dry weight of corn shoots was unaffected by increasing solution La concentrations from 0 to 5 mM and was unaffected also by solution Ce concentrations up to 0 . 9 mM (Fig. 1A) . However, increasing the Ce concentration to 5 . 0 mM significantly reduced the shoot dry weight by 32 %. Although not apparent from Fig. 1A , the dry weight of corn roots was unaffected by solution La or Ce concentrations up to approx. 0 . 9 mM, but significantly decreased by 22 % in the presence of 5 mM La and by 33 % at 5 mM Ce. The dry weight of mungbean shoots was unaffected by 0 . 2 mM La, but 0 . 2 mM Ce significantly reduced the dry weight by 14 % (Fig. 1B) . Increasing the La or Ce concentrations to approximately 0 . 9 or 5 mM decreased the shoot dry weight of mungbean by 75 or 92 %, the two elements having similar effects. The root dry weight of mungbean was unaffected by approximately 0 . 2 mM La or Ce; however, concentrations of approx. 0 . 9 or 5 mM of these elements reduced the dry weight by 64 or 92 %, again the two elements having similar effects.
The effects of La or Ce on root fresh weights ( Fig. 2 ), which were used in the calculation of mean nutrient uptake rates, were closely similar to those described for the root dry weights (Fig. 1) . The root fresh weight of corn was unaffected by solution La or Ce concentrations up to approx. 0 . 9 mM, but significantly decreased by 44 % in the presence of 5 mM La, and by 49 % at 5 mM Ce ( Fig. 2A ). The addition of La or Ce at approx. 0 . 2, 0 . 9 or 5 mM significantly decreased the root fresh weight of mungbean by 11, 68 and 94 % respectively, the two elements having similar effects.
Concentrations of La and Ce in roots and shoots
In the zero REE treatment, the shoots of corn contained 0 . 12 mg kg (Fig. 3 ). In addition, at equivalent concentrations of La or Ce in solution, mungbean roots and with one exception mungbean shoots, contained higher La or Ce concentrations than corn roots or shoots. These results are similar to those previously reported (Diatloff et al., 1995b, c) , demonstrating that corn accumulated less La and Ce than mungbean.
The concentrations of La and Ce in the roots of both species increased strongly with increasing concentrations of La or Ce in solution over the entire range studied (Fig. 3B ). The concentrations of La and Ce in the shoots of both plant species followed a different pattern ( Fig. 3A) . The concentrations of La and Ce in the shoots of mungbean increased to a maximum of 49 mg kg 21 La or 62 mg kg 21 Ce at 0 . 9 mM La or Ce, but then significantly declined to 35 mg kg 21 La or 26 mg kg 21 Ce in the presence of 5 mM La or Ce. These shoot concentrations in the highest solution treatments were significantly lower than those at 0 . 2 mM. At 0 . 2 mM Ce, corn shoots accumulated 10 mg kg 21 Ce and increasing the Ce concentration in solution to 5 mM significantly increased the shoot Ce concentration to 19 mg kg 21 (Fig. 3A) . Similarly, corn accumulated 9 mg kg 21 La in the presence of 0 . 2 mM La. However, both at 0 . 9 and at 5 mM La corn shoots contained 26-28 mg kg 21 , significantly higher than shoot Ce concentrations in the corresponding Ce treatments.
The concentrations of La and Ce in corn and mungbean shoots did not increase strongly over the entire range of solution concentrations studied (as seen in roots), despite a 25-fold increase in the concentrations of La or Ce in solution and a five-to 25-fold increase in their concentrations in the roots. Again these results are similar to those reported previously (Diatloff et al., 1995b, c) , confirming that both plant species are able to restrict the uptake of La and Ce into the shoots.
Concentrations of nutrients in shoots and roots
Tables 1 -4 present the concentrations of nutrients in the whole shoots and roots of corn and mungbean. For each nutrient, seven values are shown corresponding to the La and Ce treatments, along with the least-significant difference (LSD; 5 %) for this REE Â concentration interaction. Below this line are shown three values in parentheses for the means of the La and Ce treatments, along with the LSD (5 %) for this REE concentration effect. The three columns at the right-hand side of each table indicate the concentration means for each REE, and the LSD (5 %) values for this REE effect.
Corn. In corn, the concentrations in the whole shoots of N, P, S, Ca, Mg, Cl, Cu, Mn, Fe and B in all La and Ce treatments (Table 1) were generally within the adequate ranges suggested for healthy field-grown corn at a similar growth stage (Reuter and Robinson, 1986) . Decreasing the concentration of P in solution from 5 mM (Diatloff et al., 1995b, c) to 1 mM ( present experiment) successfully reduced the high P concentrations of 0 . 83-0 . 98 % in the shoots of control corn plants reported by Diatloff et al. (1995b, c) to 0 . 47 %, which is within the adequate range (Table 1) . However, the concentrations of K and Zn, were somewhat above the adequate range in all treatments, but the highest Zn concentration (141 mg kg 21 ) was well below the critical value of 460 mg kg 21 reported by Boawn and Rasmussen (1971) . Increasing the concentrations of La or Ce in solution from 0 to 5 mM significantly decreased the concentrations of N, P, K, Ca, Na, Zn, Mn and Fe in the shoots of corn (Table 1) Ce was more detrimental to the concentrations of N, P, Ca, Na and Mn in corn shoots than La (Table 1 ). La and Ce had similar effects on the concentrations of K, Cu, Zn and Fe, but Ce increased the concentrations of S, Cl, Mg and B more than did La. In corn roots, the concentrations of P increased 15 and 47 % relative to controls in the presence of 0 . 9 and 5 mM La or Ce, respectively ( Table 2 ). The concentrations of the remaining nutrients in corn roots were either unaffected (K, S, Cl, Na, Cu, B) or decreased (N, Ca, Mg, Zn, Mn, Fe) over the range of La or Ce concentrations in solution. The Ca concentrations in roots decreased with increasing concentration of La or Ce in solution (also observed in corn shoots), with the Ca concentration in the 5 mM La or Ce treatment being 30 % of that measured in the control plants. Similarly, the concentrations of Mg in the roots of plants in the 5 mM La or Ce treatments were 60 % of those in the control plants, a trend opposite to that noted in the corresponding shoots.
La and Ce had similar effects on the root concentrations of N, K, Ca, Cl, Na, Cu, Zn, Mn and B, but Ce was more detrimental than La to the concentrations of P, S, Mg and Fe.
Mungbean. The shoots of mungbean plants in the control treatment contained adequate concentrations of all nutrients when compared with the limited number of documented adequate ranges for mungbean and other tropical grain (Diatloff et al., 1995b, c) to 80 mg kg 21 (Table 3) . However, at !0 . 9 mM La or Ce, Mn concentrations were again marginal or deficient. As with corn, reducing the P concentration in solution from 5 to 1 mM successfully reduced the high P concentration of 0 . 97 % in mungbean shoots in the zero Ce treatment (Diatloff et al., 1995b, c) to 0 . 5 %, which is within adequate levels (Table 3) .
At 0 . 2 mM La or Ce the concentrations of all nutrients were again within the adequate range (Table 3) . At 0 . 9 mM La or Ce, most nutrients were within the adequate range, although P was above adequate and Mn was deficient. At 5 mM La or Ce, Mn and N were in the deficient range, and P was marginal for mungbean, and K, Mg would have been marginal for soybean and Ca deficient for soybean, no corresponding values being available in the literature for mungbean.
In the presence of 0 . 2 mM La or Ce, there was a significant decrease in the shoot concentrations of Cu (50 %), Mn (29 %) and Fe (17 %, La; 30 %, Ce) compared with the control plants. The concentrations of all other nutrients were generally unaffected by 0 . 2 mM La or Ce, although 0 . 2 mM Ce increased Mg concentrations and 0 . 2 mM La increased Ca concentrations relative to the controls. Increasing the concentrations of La and Ce to 0 . 9 mM significantly decreased the concentrations of N, K, Ca, Mg, Mn and Fe. The concentrations of Na were unaffected by La or Ce concentrations in solution. The concentrations of Mn in the shoots of mungbean decreased 11-fold in the 5 mM treatments relative to controls. The concentration of Ca in the shoots of mungbean decreased seven-fold (La) and 13-fold (Ce) in the 5 mM treatments compared with controls. Ce was more detrimental than La to the concentrations of N, P, S, Ca and B, the two elements having similar effects on all the remaining nutrients.
In mungbean roots (Table 4) , the concentrations of Na and Fe increased with increasing concentrations of La or Ce in solution, in contrast to the shoots (Table 3 ). The concentrations of the remaining nutrients in mungbean roots were either generally unaffected (Cu, B) or decreased (N, P, K, S, Ca, Mg, Zn, Mn) by increasing concentrations of La or Ce in solution.
Nutrient uptake rates
For corn, increasing the concentrations of La or Ce in solution from 0 to 5 mM increased the uptake rates of Cl, S, Mg and B (Fig. 4 B, D, F ). An increased rate of S uptake was observed only in the 5 mM La and Ce treatments, there being a 65 % (La) and 34 % (Ce) increase relative to the control (Fig. 4D) . Similarly, increased Mg uptake was observed only in the highest La and Ce treatments, with a 36 % (La) and 29 % (Ce) increase in the 5 mM treatments compared with control plants (Fig. 4D) . The uptake of S and Mg corresponded to increased nutrient concentrations in the shoots and not the roots (Tables 1 and 2 ). Boron uptake rate by corn increased 39 % and 1 . 6-fold in the presence of 5 mM La and Ce, respectively, compared with controls (Fig. 4F) .
Decreases in the uptake rate of Ca, Na, Zn and Mn by corn were observed with increased concentrations of La or Ce in solution (Figs. 4B, E, G, H) . Ce decreased the uptake rate of Na by corn to a greater degree than La (Fig. 4E) . Similarly, solution Ce concentrations !0 . 9 mM decreased Ca uptake rate by over 50 %, with only a 20 % reduction observed at equivalent La concentrations (Fig. 4B) .
For mungbean, the uptake rates of all nutrients decreased with increasing concentrations of La or Ce in solution .0 . 2 mM (Fig. 5 ). There was a 50 % decrease in the Cu uptake rate at approx. 0 . 2 mM La or Ce, but this rate was unaffected by higher concentrations of La or Ce in solution (Fig. 5G) . The largest decrease in nutrient uptake rate in the presence of 0 . 2 mM La or Ce was observed with Mn, which decreased over 80 % relative to controls (Fig. 5H) . The uptake rate of all nutrients was severely depressed in the presence of 5 mM La or Ce in solution.
DISCUSSION
Plant growth
Corn has previously been shown to be more tolerant than mungbean of La or Ce concentrations in solution ranging from 0 to 1 . 4 mM (Diatloff et al., 1995b, c) . Results of the present experiment have confirmed this differential sensitivity of corn and mungbean to these two REEs. Concentrations of La or Ce in solution up to approx. 0 . 9 mM did not significantly affect corn dry weight, whereas mungbean dry weight was depressed by over 70 % at La or Ce concentrations .0 . 2 mM (Fig. 1) . Chemical analysis of plant tissues from the present experiment (Fig. 3) and previous experiments (Diatloff et al., 1995b, c) demonstrate that the shoots and roots of corn accumulated less La and Ce than mungbean, which may have contributed to the greater tolerance of corn than of mungbean to both elements. Reduced accumulation of metals is one strategy commonly employed by plants to tolerate aluminium (Al) and heavy metals (Cumming and Taylor, 1990; Taylor, 1991) .
Small beneficial effects of Ce and, to a lesser extent, La were observed on the root growth of corn in flowing solution culture (Diatloff et al., 1995b, c) . No such beneficial effects of La or Ce were observed on corn root dry weight or fresh weight in the present experiment ( Figs 1A and 2) , where higher Mn (0 . 3 mM) and lower P concentrations (1 mM) were added to the nutrient solution than in our previous experiments (Diatloff et al., 1995b, c) . This suggests that the concentrations of these nutrients in solution may influence the effects of La and Ce on corn root growth. Further investigations into the beneficial effects would require attention to the interaction between solution concentrations of Mn, P and H.
Separate experiments by Diatloff et al. (1995b, c) indicated Ce may be more toxic to the growth of mungbean than La, but interpretation was difficult owing to Mn deficiency in the presence of Ce but not of La. In the present experiment, in which higher concentrations of Mn in solution were provided, no significant differences were observed between the effects of La or Ce on mungbean dry matter production in the 0 . 9 and 5 mM treatments (Fig. 1B) . Therefore, the concentration of Mn in solution may also influence the effects of La and Ce on the growth of mungbean. The influence of Mn on the response of mungbean to La and Ce is discussed further below. The present experiment allowed a direct comparison of the effects of La and Ce on plant growth. La and Ce have very similar chemical properties with respect to cation charge, ionic radii, and stability of organic and inorganic complexes (Evans, 1990) . The similarity in the chemical properties of La and Ce was reflected in the closeness of their effects on plant growth in the present experiment (Figs 1 and 2) .
Corn root dry weight was decreased at 5 mM La or Ce and 5 mM Ce decreased the shoot dry weight (Fig. 1A) . These decreases in plant growth were unlikely to be due to nutritional effects, as the concentrations of all nutrients were within the adequate range for all REE treatments (Table 1) . It is most probable that decreased corn growth was due to direct effects of La or Ce rather than indirect effects such as decreased nutrient uptake.
Effects of La and Ce on the nutrition of corn
The effects of La and Ce on the nutrition of each plant species is discussed separately due to the contrasting growth responses of the plant species to increasing concentrations of La or Ce in solution. For corn, the dry weight of shoots and roots was not significantly affected by La or Ce concentrations up to approx. 0 . 9 mM. This enables the effects of La and Ce on the nutrition of corn to be examined in the absence of gross growth effects.
Calcium. For corn, the nutrient most severely affected by the treatments was Ca. Calcium concentrations in corn shoots and roots (Table 1 ) and the uptake rate of Ca by corn plants (Fig. 4B) significantly decreased with increasing concentrations of La or Ce in the nutrient solution. In this dilute solution, soluble La and Ce are predicted to occur as REE 3þ and REESO 4 þ complexes (Diatloff et al., 1993) . These positively charged species would be expected to displace Ca from the cell walls of roots, and this is supported by chemical analyses showing a decrease in Ca concentrations in corn roots with increasing concentrations of La or Ce in solution (Table 1) . Once adsorbed onto cell walls, REEs repel Ca from the apoplast (Clarkson and Sanderson, 1969) . Consequently, there will be a reduced reservoir of Ca that can be transported radially either by apoplastic or by symplastic flow to the xylem. The REEs are also known to reduce the influx of Ca into root cells by blocking Ca channels in the roots of maize (Marshall et al., 1994) and wheat (Huang et al., 1994) . The decreased Ca nutrition of corn in the presence of La and Ce is consistent with their known antagonism of Ca. Results in this study show Ce to be a more potent inhibitor of net Ca uptake by corn than La (Fig. 4B) .
Other cations. Apart from Ca, the effects of REEs on the nutrition of plants are very poorly documented (Brown et al., 1990; Hu et al., 2004) . In contrast to Ca, the uptake of all other cations by corn was much less affected by increasing concentrations of La or Ce. For example, uptake of Mg was unaffected by !0 . 9 mM La or Ce, but slightly increased by the 5 mM treatments (Fig. 4D ). This effect is in contrast to that of Al, which generally decreases the uptake of both Ca and Mg (Rengel, 1992; Marschner, 1995) .
The uptake of K was also relatively unaffected, although 5 mM La resulted in a slight increase (Fig. 4A) . No consistent picture about La effects on K uptake by plants exists, with both increased and decreased K uptake reported, and at solution concentrations from 25 to 1000 mM La (Brown et al., 1990; Hue et al., 2004) . These differences in K uptake are mostly caused by different experimental protocols. Although K and Na have similar ionic radii, their uptake rates by corn were differently affected by La and Ce. Ce was more detrimental than La to the rate of uptake and shoot concentrations of Na in corn, but Na concentrations in the roots were unaffected by La or Ce (Table 1 ; Fig. 4e ). This indicates that the translocation of Na from the roots to the shoots is disturbed more by La than by Ce, and presumably the uptake of Na by corn roots is unaffected by La or Ce.
The uptake of Fe by corn was relatively unaffected by La or Ce (Fig. 4G) , suggesting that the mechanism of phytosiderophore-mediated Fe uptake attributed to corn (von Wiren et al., 1995) may not be adversely influenced by La or Ce. Similarly, the shoot and root concentrations of Cu and the uptake of Cu were unaffected by La or Ce (Tables 1 and 2 ; Fig. 4F ). However, tissue concentrations of Mn and Zn and their uptake rates decreased with increasing concentrations of La or Ce (Tables 1 and 2 ; Fig. 4G, H) .
Despite the decrease in the uptake of Ca, Zn and Mn, there did not appear to be any increase in the uptake of any other of the cations or a corresponding decrease in anion uptake that potentially could counteract the charge imbalance due to decreased cation uptake. This charge imbalance may have been accommodated by decreased organic acid synthesis within the plant.
Anions. Increasing the concentration of La or Ce in solution up to 5 mM decreased the concentration of P in corn shoots (Table 1) , but increased the P concentration in the roots (Table 2) . Leonard et al. (1975) also noted that short-term exposure of corn roots to La resulted in increased 32 P uptake; however, this phenomenon was concluded to be due to the non-metabolic accumulation of an La-P complex in the root apoplast. It is most probable that the increased P concentrations in corn roots were the result of phosphate precipitation of La or Ce in the apoplast (Clarkson and Sanderson, 1969) . In contrast, La and Ce at .0 . 2 mM increased the S concentration in corn shoots, but not in the roots (Tables 1 and 2 ) for which at present there is no explanation. The Cl concentrations in root and shoots of corn were unaffected by La or Ce (Tables 1 and 2) .
No consistent pattern of effects of La and Ce on either divalent or monovalent cations or anions were observed to suggest any general effect on any of these groupings of nutrients. This would suggest interactions of La or Ce with each individual nutrient rather than any effect on global factors affecting corn nutrition.
Effects of La and Ce on the nutrition of mungbean
The dry and fresh weight of mungbean roots was severely depressed by concentrations of La or Ce in solution !0 . 9 mM (Figs 1B and 2) . Similarly, root elongation studies also showed La and Ce to be potent inhibitors of mungbean root growth (Diatloff et al., 1995a ). The present study shows that in addition to the reduced root growth, the function of these roots was impaired by La and Ce. The shoot concentrations and uptake rates of all nutrients decreased over the range of La and Ce concentrations studied (Table 2 ; Fig. 5 ), suggesting a general reduction in root function.
Mungbean dry matter production was reduced by 64-75 % at 0 . 9 mM La or Ce, the solution concentration at which adequate concentrations of all nutrients (except perhaps Mn) were measured in mungbean shoots (Figs 1 and 2; Table 2 ). Initially, this would seem to suggest that the growth of mungbean was depressed directly by La and Ce in advance of reduced growth due to impaired nutrient uptake. However, the pattern of decreased mungbean growth (Figs 1 and 2 ) was closely similar to that of decreased Mn uptake (Fig. 5H ). In addition, the decrease in Mn uptake with increased concentrations of La or Ce in solution was larger than for the decrease in uptake of any other nutrients (Fig. 5) , and the Mn concentrations in mungbean shoots were probably deficient at 0 . 9 mM La or Ce, and deficient at 5 mM La or Ce (Table 2 ). Together these results indicate an association of decreased mungbean growth with reduced Mn uptake. Despite the increased Mn concentration in solution (Diatloff et al., 1995b, c) , separation of direct La and Ce toxicity on mungbean from reduced Mn uptake was again not possible. To observe the direct effects of La and Ce in the absence of Mn deficiency, still higher concentrations of Mn in solution would be required. Recalculation of the results from Ashwath (1990) suggest that mungbean ('Berken') tolerated concentrations of Mn in solution up to 3 mM, and concentrations in the shoots of up to 600 mg kg 21 without any decrease in total dry weight resulting. However, these results were obtained from flowing solution culture experiments conducted at pH 5 . 5 (Ashwath, 1990) , and it is known that at pH 4 . 5 ( pH used in the present experiment) Mn uptake is three times lower than at pH 5 . 5 (Maas et al., 1968) . Although little has been documented on the tolerance of mungbean to low concentrations of Mn, mungbean is known to be sensitive to excess levels of Mn (Smith et al., 1983; Ashwath, 1990) .
CONCLUSIONS
Lanthanum and cerium did not enhance the growth of corn or mungbean, but decreased the growth, root function and consequently the nutritional status of mungbean at concentrations .0 . 2 mM in solution. While La and Ce had similar effects on plant growth, Ce was more detrimental than La to the uptake of Ca and Na by corn. Corn accumulated significantly lower concentrations of La and Ce than mungbean, which may contribute to its higher tolerance to both elements. We conclude that if La or Ce have positive effects on corn and mungbean growth, they can only occur at solution concentrations below 0 . 2 mM.
